Abstract-This paper describes an approach to establish high efficient drive such a Brushless AC (BLAC) drive by a Brushless DC (BLDC) drive. BLDC drive which is excited rectangular voltage for 120 electrical degrees per cycle is commonly used for the low cost applications of Permanent Magnet Synchronous Motors (PMSMs). This drive method contains low-order harmonics in the current waveform. These harmonics cause a mechanical vibration and the electrical losses. Therefore, BLDC drive is not applicable to the sinusoidal back-EMF machines. However, considering about a high frequency loss by the PWM carrier and also about the switching loss, BLDC drive has a potential to have higher efficiency than the BLAC drive. This paper compares the overall efficiency which includes PWM carrier frequency loss by using the coupling analysis between Finite Element Analysis (FEA) and a circuit simulator. The tested machines are two of Surface type PMSMs (SPMSM). One has a sinusoidal back-EMF waveform (BLAC machine) and the other has a trapezoidal back-EMF waveform (BLDC machine). The both driving methods of BLDC drive and BLAC drive are adapted to each machine, their efficiencies are compared by both simulation and experiments. The results show that the BLDC machine with BLDC drive has higher efficiency than BLAC machine with BLAC drive.
INTRODUCTION
PMSMs have been widely used in a variety of applications in the consumer electric appliances and the industrial machines because of a high efficiency and a high power density. In general, these applications have to reduce the costs. However, since the attention to the global warming has been increased, it is required to reduce CO 2 and also to suppress the energy consumption. Thus, low cost and high efficiency motors are required.
PMSMs are classified into two categories. One is a BLAC machine which has a sinusoidal back-EMF and the other is a BLDC machine which has a trapezoidal back-EMF. Usually the BLAC machine is excited by 180 electrical degree sinusoidal waveform currents (BLAC drive). Since this excitation scheme uses vector control by 16 or 32 bit microcomputer with the rotor position information by the position sensor, the microcomputer and the sensor make the drive high costs. On the other hand, the brushless DC machine is typically excited by 120 electrical degree rectangular waveform currents (BLDC drive). This excitation scheme and algorithm are simpler than the BLAC drive. In addition, low resolution position sensor can be used. However, a torque pulsation due to the low-order harmonics is a serious issue. Therefore, recent majority subject of the investigations is BLAC drive.
It is interesting that both BLDC and BLAC drives use same 3 phase voltage source inverter, the difference of the driving method produces different characteristics, such as the torque pulsation, the dynamic characteristics. [1] and [2] have been compared BLDC with BLAC drive and reported at the view points of the characteristics with the flux-weakening regions. However, the efficiency and losses have not been discussed by such comparisons because the PWM loss analysis is very difficult. However, the recent analysis techniques such as a coupling analysis and an iron loss analysis by Finite Element Analysis (FEA) make the brief comparison of these losses possible [3] [4] . Then, it is important to recognize how high the efficiency of the BLAC machine compared with the BLDC machine.
This paper firstly shows that the iron and the copper loss of the BLDC machine and BLAC machine which are excited by both BLDC drive and BLAC drive. The PWM carrier frequency effect to the efficiency is especially pointed out. The simulations are carried out under the real driving condition by the coupling analysis at the variable speed and DC-link voltage. Then the reason of the efficiency difference is figured out. As a result, this paper shows that the efficiency of the BLDC machine which is excited by BLDC drive has the highest efficiency under the typical high speed and high duty factor condition. Furthermore, the simulation results are verified by the experiments. The consequences of an experiment, the efficiency of BLDC machine which is operated by BLDC drive has the highest efficiency under the all speed region when the inverter losses are taken into account.
II. COMPARISON OF BLDC MACHINE AND BLAC MACHINE
In this instance, we compare BLDC machine with BLAC machine by FEA because there have different back-EMF waveforms. A surface mounted PMSM (SPMSM) is used for the simulation motor model and a magnetize direction is changed to realize BLDC machine and BLAC machine. Fig.  1(a) shows the motor structure and Table I shows the motor model specifications. These machines are concentrated windings and use same magnets. In other words, the magnets have same maximum energy product. The magnetize direction of the BLAC machine is specially arranged ( Fig.  1(b) ) for the sinusoidal back-EMF in Fig. 2(a) to minimize the effects of the stator space harmonics [5] . However, this magnetize method requires the complex structure, increases costs and results to decrease magnet flux. For BLDC machine, the magnet with parallel magnetization is used. The machine has the trapezoidal phase back-EMF which is shown in Fig.  2(a) , it is an answer of the high magnet flux in Table I and Fig. 2(b) . Adding that, the trapezoidal phase back-EMF is available the harmonics with BLDC drive, because the current harmonics can generate the torque by the harmonics of the magnet flux.
III. COMPARISON OF BLDC DRIVE AND BLAC DRIVE
In this section, we discuss about a comparison of BLDC drive and BLAC drive by coupling analysis between FEA and a circuit simulator. In general, a current waveform of BLDC drive includes much harmonics than it of BLAC drive since the rectangular voltage includes low-order harmonics. Then, the copper loss and the iron loss of PMSMs applied BLDC drive become higher than the losses by BLAC drive. Furthermore, the PWM carrier frequency effect in each drive methods is different [6] . Then, it is important to consider PWM carrier losses because these PWM controls lead the voltage distortion and distorted current including carrier frequency harmonics.
BLDC drive method for PMSMs has the various voltage control techniques [7] and [8] with three phase inverter. Usually the chopper control is used to control the average voltage. In this paper, an alternative chopper control [9] which is shown in Fig. 3 is used. Solid state switches on the inverter is turned on and off at a chopper frequency, an upper arms and an under arms switches are alternately chopped at 60 electrical degree period. This control method has a characteristic without reversal DC-link currents [10] and a low torque pulsation compared to another general PWM techniques.
Motor losses are generally divided into the copper loss w c , the iron loss w i and the mechanical loss w m . Each equation of the cupper loss and the iron loss is shown as follows respectively,
Where, I e is the RMS phase current, R a is the phase resistance, K e is the eddy-current loss coefficient, K h is the hysteresis loss coefficient, f is frequency, B m is the maximum flux density. K e and K h are decided by the loss curve of the laminated steel core. The efficiency in which the mechanical loss is ignored can be shown as follow. (2)
Where, T m is the average torque, ω m is the angular velocity. These functions are calculated with the coupling analysis between FEA and a circuit simulator. Table II shows the parameters which are used in this simulation. We investigate two conditions because the genuine comparison is difficult by only one condition because BLAC and BLDC machines which applied BLAC and BLDC drives have different characteristics. These conditions set a constant copper loss at the all condition.
Arbitrary speed condition (condition I)
In this condition I, we considered the loss separation by BLDC drive and BLAC drive. Fig. 4 shows the efficiency of condition I when BLDC drive and BLAC drive are applied to the BLAC machine and BLDC machine. A case of the BLAC machine with BLAC drive has higher efficiency than same machine with BLDC drive at the every speed. However, BLDC machine with BLDC drive and same machine with BLAC drive have almost equal efficiency. Fig. 5(a) shows the results of the iron loss analysis including PWM carrier frequency effect. Fig. 5 (b) and (c) show the hysteresis loss and the eddy-current loss respectively. The BLDC drive generates much hysteresis loss since current waveform of this drive contains much low-order harmonics than it of BLAC drive. On the other hand, the BLAC drive generates much eddy-current loss. These results indicate that BLAC drive is more sensitive to PWM carrier effect than BLDC drive. The reason is that if PWM carrier effect is intense, the eddycurrent loss is increasing as shown in Eq. (2) since carrier frequency is higher than low-order frequency which is contained in the current with BLDC drive. Thus, the total iron loss at the same machine under the same condition is approximately equal by a trade-off between BLDC drive and BLAC drive. Where, the efficiency of BLAC machine with BLDC drive is lower than the same machine with BLAC drive in Fig. 4 . However, the iron losses with each drive method have same value in Fig. 5(a) . This is because the BLDC drive has lower average torque compared with BLAC drive at the constant speed under the same RMS current condition because only fundamental component of the phase currents of BLDC drive can contribute to generate the torque for BLAC machine. As a result, undesirable harmonics lead to the copper loss. On the other hand, the efficiency of BLDC machine with BLDC drive has equal efficiency of same machine with BLAC drive. This is because the BLDC drive can use the harmonic torque when the trapezoidal phase back-EMF and the rectangular current harmonics interlace exactly each other. This effect also appears in the average torque per the RMS phase current which is called torque constant. Fig. 6 shows torque constant of condition I when BLDC drive and BLAC drive are apply to BLAC machine and BLDC machine. In here, how much torque constant is improved by only changing the machine under the same driving method is discussed. As shown in Fig. 6 , when the machine is changed from BLAC machine to BLDC machine with BLDC driving, the improved ratio of the torque constant is high since BLDC drive can use the harmonic torques in addition to the fundamental torque, and also BLDC motor has a higher fundamental component of the magnet flux. Furthermore, BLDC drive gradually obtains high value at the high speed region.
These results present two things, the iron loss by BLDC drive and BLAC drive almost equal by a trade-off between eddy-current loss and hysteresis loss, the torque constant by BLDC machine with BLDC drive is higher than BLAC machine with BLAC drive.
Arbitrary DC link voltage condition (Condition II)
In this condition II, we discus characteristics of torque constant depend on DC link voltage to define an optimal DC link voltage for BLDC drive. Fig. 7 shows the torque constant of condition II when BLDC drive and BLAC drive are applied to the BLAC machine. The reason of this simulation does not apply to BLDC machine is that, the effect of the DC link voltage to the torque constant is not so different between in BLDC machine and BLAC machine. As shown in Fig. 7 , DC link voltage changes a duty factor and a modulation factor. Thus, horizontal axis indicates these factors. Torque constant is also increased as the duty factor is increased for BLDC drive. On the other hand, the torque constant of BLAC drive is not affected of the modulation factor. This characteristic is because BLDC drive can suppress PWM carrier effect by increasing the duty factor. However, BLAC drive almost remains this influence. Therefore, the BLDC drive is effective in low DC link voltage and the high speed region in which high duty factor is realized.
Another effect (Inverter efficiency)
Former discussions do not take into account of the inverter loss, for example, the switching loss and the dead time. Considering the switching loss, three solid state switches of the inverter with BLAC drive is every time turned on in Fig.  8(b) . On the other hand, BLDC drive instantaneously turns on two solid state switches in Fig 8(a) . This fact indicates that BLDC drive will have higher inverter efficiency than BLAC drive because of its lower switching loss and dead time less character of the inverter.
IV. EXPERIMENTAL COMPARISON AND VERIFY
In this section, the experimental results are shown to verify their performances which include the inverter losses. The tested machines are BLAC machine and BLDC machine which has sinusoidal and trapezoidal phase back-EMFs respectively, and both BLDC drive and BLAC drive are applied to the machine. The test bed and the inverter are shown in Fig. 9 . Table III machines. Fig. 10 shows measured terminal line-to-line voltage waveforms of each tested motor which has sinusoidal and trapezoidal phase back-EMF respectively. Experimental condition compares variable speed and DC link voltage characteristics of BLDC drive and BLAC drive. This is the same condition with the simulation condition I and II which is shown in table II. Fig. 11(a) show measured efficiency of the tested motor. BLDC machine with BLDC drive has the highest efficiency at the all speed region. Furthermore, the torque constant at the variable rotational speed of the BLDC machine with BLDC drive is higher than BLAC machine with BLDC drive and as high as BLDC machine with BLAC drive which is shown in Fig 11(b) . These results are the same tendency with the simulation results which are shown in Fig. 4 and 6. 
Experimental arbitrary speed condition (Condition I)

Experimental arbitrary DC link voltage condition (Condition II)
As shown in Fig. 12 , the torque constant of each condition when BLDC drive and BLAC drive are applied to the BLAC machine. This result is the same tendency with the simulation results which are shown in Fig. 7 . Thus, the high DC link voltage results to reduce the motor efficiency with BLDC drive. Where, in additional discussion, Fig. 13 shows the motor efficiency of the BLDC motor. Experimental condition uses condition I when DC link voltage is set as 60V and 100V. In case of the 60V DC link voltage, the efficiency by BLDC drive is higher than it by BLAC drive. On the other hand, in case of the 100V DC link voltage, the efficiency by BLDC drive is lower than it by BLAC drive. Thus, it is cleared that BLDC drive is should be used under the condition of the low DC link voltage Fig. 14 shows inverter efficiency when BLDC drive and BLAC drive apply to BLAC machine and BLDC machine. Inverter efficiency of BLDC drive is higher than it of BLAC drive under the all speed region. Thus, it is experimentally verified that BLDC drive has low inverter loss, i.e., low switching loss driving method.
Experimental inverter efficiency (Condition I)
Experimental total efficiency (Condition I)
The experimental results in Fig. 11 (a) and 14 are used to estimate total efficiency in Fig. 15 . BLDC machine with BLDC drive has the highest total efficiency in these machines and drives combination.
CONCLUSION
This paper calculated the efficiency of two type machines, the sinusoidal back-EMF machine (BLAC machine) and the trapezoidal back-EMF machine (BLDC machine), each machine was driven by the two type drives, BLAC drive and BLDC drive. To calculate the PWM loss of the machines, the coupling analysis method between FEA and the circuit simulator was used.
BLDC machine can have higher fundamental magnet flux component than BLAC machine when same maximum energy product magnet is used under the same stator and rotor geometries. Simulation results showed that off course BLAC drive was better for the BLAC machine. However, for the BLDC machine, the BLDC drive achieved as high efficiency as the BLAC machine because of utilizing the harmonics. These results indicate that BLDC machine with BLDC drive has a potential to realize high efficiency and low costs. The experimental results show that the BLDC drive was effective driving method since it can easily decrease the inverter loss compared to the loss of BLAC drive. Additionally, high duty factor region i.e. low DC link voltage optimizes BLDC drive. Therefore, BLDC machine with BLDC drive has the highest total efficiency in these machines and drives combination in the experiment. These results give the considerable choice of select the machine and its driving method to achieve the high efficiency and cost reduction 
